The compositions of the mixtures of sesquiterpenoids, largely hydrocarbons that were found in the inner bark of the silver birch, Betula pendula Roth and the paper birch, Betula papyrifera Marshall, grown in New Zealand were analyzed by SPME-GCMS. The major components of the volatile oil from the inner bark of B. pendula were trans α-bergamotene (31%) and α-santalene (19%). This composition was quite different from that of the oil from the branches, buds and leaves of the same species from Turkey, but was very similar to that of the oil from the bark of B. pubescens from Russia. The major components of the oil from the inner bark of B. papyrifera were trans α-bergamotene (18%), ar-curcumene (12%), E-β-farnesene (12%), Z-β-farnesene (10%) and cis-α-bergamotene (8%).
In a programme of research on the inner bark of two birch species, volatile products released from the bark under conditions that were akin to steam distillation, were analyzed by SPME-GCMS and shown to be composed of a mixture almost entirely of sesquiterpene hydrocarbons. This result was unexpected and furthermore, the compositions of these mixtures were different from those previously reported for the oils from the leaves, buds and branches of B. pendula [1] and so are reported here, while the composition of the volatile oil from the bark of B. papyrifera is reported for the first time.
The bark of birch trees has been used by many cultures for the creation of objects such as canoes, tents, shoes, clothing, baskets, bowls, mats, paper, scrolls and other materials of heritage significance. The bark of the silver birch Betula pendula has been used by people of north-western Europe and Asia while that of the paper birch Betula papyrifera, has been used by people of northern America [2, 3] . Several groups are studying the volatile organic compounds that are emitted from the fibrous materials that are used to make these heritage objects [4] , with a view to determining ways of preventing degradation processes such as hydrolysis and oxidation from taking place and ultimately to conserve these objects [5, 6] , e.g., the English poet John Clare wrote his works on paper which he had made himself from birch bark [7] . Likewise, Buddhist manuscripts, some dating from the first century AD have been found that were written on birch bark [8, 9] .
The genus Betula is a group of deciduous, flowering trees within the Betulaceae family. It consists of about 50 species, commonly known as birch, which grow in temperate climatic zones, largely in the northern hemisphere. The taxonomy of Betula is controversial and complicated by parallel evolution of morphological traits and extensive hybridization among species. These species were divided into 5 subgenera, but recent work with genomic fragments suggests that only four subgenera exist [10] . The two species discussed in this paper, together with B. pubescens, all belong to the subgenus Betula which includes the typical birches. The bark of twigs of the trees in this subgenus does not contain methyl salicylate, the principal component of the oil of wintergreen. B pendula is a diploid plant, B. pubescens is tetraploid and B. papyrifera is a hexaploid plant.
Betula papyrifera Marshall, commonly known as the paper birch is sometimes described as the white birch, Alaskan birch or canoe birch. In the past, it was often described as Betula alba. It grows to a height of 30 metres usually with a single trunk. Its natural habitat is the USA, Canada and especially Alaska. The bark on young trees is brown but turns white as the tree ages. The bark of mature trees has a high oil content which makes it waterproof and it peels easily, especially in the spring [11] .
Betula pendula Roth, is commonly known as the silver birch, common birch, Eurasian weeping birch or European white birch. It is often confused with B. platyphylla on which species, the branches are not pendulous. The silver birch is known synonymously as B. verrucosa and like the paper birch, B. pendula is often incorrectly called B. alba but the latter species is now known as B. pubescens (white birch) and the name B. alba is discontinued. The silver birch grows to a height of 25 metres. It is native to Britain, but grows naturally across northern Europe and Asia. It was introduced to Canada and northern USA and is now grown in temperate regions world-wide as an ornamental tree. The bark is white, does not peel as easily as that from B. papyrifera and discolours as it ages [11] .
The chemistry and use of birch bark extracts was reviewed by Krasutsky [12] but that review deals almost entirely with the non-volatile triterpenoids. Essential oils are produced by the leaves and especially the buds of birch species and the occurrence and composition of these oils have been reviewed [1] . The major components of these oils are the betulenols (14hydroxycaryophyllenes) [13] [14] [15] , which comprise 20-37% of the bud oils.
The degradation of organic heritage objects is caused principally by sunlight, moisture and fungi. That objects made from birch bark have survived for considerable periods of time (see above) may be Weston & Smith due in part to the existence of anti-fungal products in the volatile oil from birch bark, although how long these volatile products survive in the bark and its derived objects is unknown. The anti-fungal activities of some birch bark essential oils are summarized by Başer and Demirci [1] . In general, the oils and some individual components, especially the betulenols, are mildly active against a range of microorganisms.
The bud oil of B. pendula from Yakutia in north-eastern Russia was reported to contain caryophyllene (23%) and α-betulenol acetate (22%) as the major components [16] , while the dominant components of the same oil from north-eastern Turkey were αbetulenol (14-hydroxy-β-caryophyllene, 25%) and 14-hydroxy-4,5dihydro-β-caryophyllene (17%) [17] . The same oil from Regensburg in south-eastern Germany contained no betulenols or their acetates but instead the major components were α-copaene (12%), germacrene D (11%) and δ-cadinene (11%) [18] . A similar composition was found for an oil from Karelia in north-western Russia [19] and recent work identified further sesquiterpenoids from the bud oil of this species [20] . The compositions of the bud oils from this species growing in Russia, Germany, Turkey and Japan were quite different [1] and demonstrated a clear geographical variation, which may indicate the existence of chemical varieties within this wide-spread species, probably the result of hybridization. Differences in the compositions of oils from the glands of different parts of the same plant are also a feature of this genus of plants [1] .
The leaf oil of B. pendula from Turkey contained α-betulenol (29%) and 14-hydroxy-4,5-dihydro-β-caryophyllene (21%) as major components while a specimen from Estonia yielded α-betulenol (33%), α-betulenol acetate (6%), β-betulenol (6%) and β-betulenal (6%) [21] .
Major components of the branch oil of B. pendula from Turkey were α-betulenol (20%) and 14-hydroxy-4,5-dihydro-βcaryophyllene (13%), β-betulenal (8%), des-4-methylcaryophyll-8(14)-en-5-one (5%), humulene oxide-II (5%), α-humulene (4%), caryophyllene oxide (4%) and β-caryophyllene (3%) [1] .
In contrast to the composition of the oils from the species above, the composition of the essential oil from the bark of B. pubescens growing in Russia was different again [22] . Its major components (as a proportion of a solvent extract) were α-santalene (2.0%), trans-α-bergamotene (3.5%), trans-β-bergamotene (0.8%), αepoxysantalene (0.3%), trans-α-epoxybergamotene (0.3%) and trans-β-epoxybergamotene (0.4%). This composition was very similar to that found in the essential oil from the bark of B. pendula and B papyrifera growing in New Zealand.
The compositions of the oils from the bark of B. papyrifera and B. pendula, growing in New Zealand, are provided in Table 1 . The oils consisted entirely of sesquiterpenoids with no other significant components, including monoterpenoids. This uniformity of composition was remarkable. The major components were all sesquiterpenoid hydrocarbons, which were accompanied by several oxides and alcohols, but a large number of these minor components could not be positively identified. Like the oil from B. pubescens, the major components of the oil from B. pendula were trans α-bergamotene (31%) and α-santalene (19%), while less abundant components were cis-α-bergamotene (7.4%) and Z-β-farnesene (6.2%), which altogether constituted nearly two-thirds of the entire oil. The major component of the oil from B. papyrifera also was trans α-bergamotene (17.9%) that was accompanied by smaller proportions of E-and Z-β-farnesene and cis-α-bergamotene which together constituted 60% of the oil. The oil yields were moderately high [16] , which suggested that the inner bark and its essential oil have an ecological function, possibly the deterrence of herbivory [23] .
The similarity of the compositions of the bark oils of B. pendula and B. papyrifera in New Zealand and that of the same oil from B. pubescens in Russia was striking, although the three species are closely related genetically (see above). In these three cases, the major components were trans α-bergamotene and α-santalene. These major sesquiterpenes and the others in Table 1 are derived biosynthetically from a bisabolene precursor [24, 25] , whereas those in the leaf and bud oil described above are caryophyllene derivatives which arise biosynthetically from humulene [26] . The divergence of biosynthetic pathways is a striking difference between the oils from different parts of Betula trees.
Terpenoids from the bark of Betula pendula and B. papyrifera Natural Product Communications Vol. 7 (2) 2012 147 Experimental Materials: Samples of the bark of Betula papyrifera and of Betula pendula were obtained from Landcare Research, Lincoln, New Zealand, in June (early winter). The rough dark brown outer bark was removed and the experimental samples were prepared from the cream-fawn-pink coloured inner bark. The horizontal slit-like darkcoloured lenticels (pores), which are characteristic of birch bark, were removed to leave strips of inner bark that had a smooth uniform texture and cream-pink colour.
SPME Headspace Analysis:
Strips of inner bark (300 mg) were cut into small sections (~ 5 mm) and placed in a vial (20 mL) which was closed with a Teflon seal within a screw-cap. Water (2 g) was added to the vial which was then capped and placed in a thermostatically controlled oven at 70 o C for 24 hr. The sample vial was removed from the oven and placed in a water-bath at 50 o C for 30 min. A Supelco SPME syringe, which included a 50/30 μm fibre coated with DVB/Carboxen/PDMS, was inserted through the seal of the vial, the fibre was extruded and the headspace was adsorbed onto the fibre for 1 h at 50 o C. The adsorbent fibre and the syringe were then withdrawn from the vial and the sample was desorbed in the GC injector port at 250 o C for 1 min.
Gas chromatography and mass spectrometry:
Headspace samples were analysed on a Shimadzu QP2010 Plus GCMS instrument, which incorporated a Restek Rtx-5Sil MS column, 30 m x 0.25 mm x 0.25 μm. The carrier gas was helium which was split 20:1 and the column gas flow was 1.2 mL min -1 . The GC injector was held at 250 o C and the GC-MS interface at 300 o C. The column was held at 40 o C for 2 min and then raised to 300 o C at 10 o C min -1 and then held there for 5 min. Mass spectra were recorded at 70 eV from m/z 36-600 at the rate of one scan every 0.3 s.
Quantitative Analysis:
A solution of n-butanol (34.2 mg) in double distilled water (250 mL) was prepared and then 2 mL of this solution, which contained 273.6 μg of n-butanol, were added to a 20 mL vial as above. The headspace in this vial was used as an external standard. The yields of the oils were determined by integrating each peak in the total ion chromatograms, summing the areas of all the components and then comparing the total areas of the peaks with that of the external standard of n-butanol. All the major components of the oils were hydrocarbons that eluted between tetradecane and pentadecane. The response factor of pentadecane relative to n-butanol (using the SPME method of analysis) was determined by Bartelt [27] to be 0.70 and so the experimentally determined yields of the oils were adjusted by this factor to give those recorded in Table 1 .
Identification of oil components:
Retention indices were calculated using the formula of Dool and Krantz [28] . Oil components were identified by comparison of their (arithmetic) retention indices and mass spectra with those reported by Adams [29] .
